Abstract. Serial analysis of gene expression (SAGE) is a sequence-based tool that enables quantitative study of comprehensive gene expression profiles. In this study, we generated a SAGE library of hepatitis B virus (HBV)-associated small hepatocellular carcinoma (HCC) and compared it with libraries of normal liver and other organs in order to identify genes which are specifically expressed in HBV-associated small HCC. A total of 18,107 SAGE tags were obtained from the HCC SAGE library. Among the 7,405 unique tags, 240 were significantly overexpressed in HCC compared to normal liver. Seventeen genes were unequivocally matched to SAGE tags which were up-regulated 15-fold or higher in HCC compared to normal liver: four genes (fatty acid desaturase 2, ·-L-2-fucosidase, testis-specific protein Y-encoded-like 2 and Gon-4-like) were significantly overexpressed in the HCC SAGE library compared to any other SAGE libraries of human normal tissues. The significance of these genes with respect to carcinogenesis and early diagnosis of HCC needs to be elucidated in further studies.
Introduction
Hepatocellular carcinoma (HCC) is the third most common cause of death from cancer worldwide, and has a very poor prognosis (1) . Curative treatment modalities, such as surgical resection or percutaneous ablation, are precluded in many patients with HCC due to advanced tumor stage at the time of presentation. Early diagnosis of HCC by surveillance program can reduce cancer-related mortality in patients infected with hepatitis B virus (HBV) (2), a major risk factor for HCC. Therefore, diagnosis of small HCC is crucial in order to improve overall prognosis of HCC. ·-fetoprotein (AFP) is currently the most widely used serum marker of HCC for screening purposes. However, the sensitivity of AFP is around 60% at best (3, 4) , so that AFP alone is not sufficient for the early detection of HCC. Other serum markers such as des-Á carboxyprothrombin and lens culinaris agglutininreactive AFP have been reported to be promising, but the clinical usefulness of these markers needs further validation (5) . Thus, new effective diagnostic markers are urgently needed for the optimal screening of HCC.
Transcriptome analysis is a powerful tool in cancer research for the identification of novel diagnostic markers, prognostic indicators and therapeutic targets. Techniques of transcriptome analysis, represented by cDNA and oligonucleotide microarrays, have been extensively applied to HCC research with a special focus on carcinogenesis (6) , molecular classification (7-10) and identification of diagnostic markers (11, 12) . Microarrays, however, cannot identify novel transcripts which are not included in the pre-defined set of target genes. Another limitation of microarray is that data from other researchers cannot be compared directly. Large scale sequencing of expressed sequence tags (ESTs) can detect novel transcripts, and numerical comparisons of ESTs are, in theory, possible between two unrelated cDNA libraries. Because generation of comprehensive library needs a huge number of sequencing, however, there have been only a few studies of large scale EST libraries from HCC tissues (13) (14) (15) . As each library was generated from only a few patients, heterogeneity of gene expression profiles makes it difficult to interpret the variable results from these studies.
Serial analysis of gene expression (SAGE) is a sequencingbased technique which allows genome-wide analysis of gene expression in a quantitative manner without prior knowledge of the gene sequences (16) . Furthermore, the results from any SAGE experiment can be directly compared with SAGE libraries of other normal and cancerous tissues deposited at the public SAGE databases (17, 18) .
In this study, we constructed a SAGE library from HBVassociated small HCC and compared the gene expression profile of HCC with normal liver and extrahepatic normal organs to identify specifically expressed genes in HBVassociated small HCC.
Materials and methods
Patients and tissue samples. Nine Korean patients with HBV-associated small HCC were enrolled in this study. The SAGE library was constructed by using pooled samples from five patients (Table I) and real-time RT-PCR was performed in six patients (Table II, including two patients in Table I ). Informed consent was obtained from each patient according to the regulations of the Institutional Review Board of Seoul National University Bundang Hospital. All tissue samples were obtained in pairs (HCC and adjacent non-neoplastic liver tissue) by percutaneous needle biopsy during radiofrequency ablation of small HCC (<3 cm). After harvest, the tissue specimens were immediately submerged in RNAlater solution (Ambion, Austin, TX, USA), stored at 4˚C overnight and then at -70˚C until RNA extraction.
Construction of SAGE library.
To construct the HCC SAGE library, I-SAGE kit (Invitrogen, Carlsbad, CA, USA) was used according to the manufacturer's instructions. Briefly, total RNA was obtained from each of five HCC specimens by using TRIzol (Invitrogen) according to the manufacturer's instructions. RNA (1 μg) from five samples was pooled together and mixed with oligo (dT) magnetic beads to select the poly A + mRNA. First-and second-strand cDNA was synthesized using SuperScript II reverse transcriptase and E. coli DNA polymerase, respectively. The double-stranded cDNA was digested with NlaIII, an anchoring enzyme which generates CATG sticking ends. The cDNA was ligated with two adaptors, cleaved with BsmFI and subjected to a Klenow reaction to fill in the 5' overhangs. Two adaptor-bound tags were ligated together by T4 DNA ligase to form 100-bp ditags. These ditags were PCR-amplified, gel-purified and digested with NlaIII to get 26-bp ditags. After gel purification, the 26-bp ditags were ligated to give concatemers, cloned into SphI site of pZErO-1 plasmid. Plasmid DNA was purified using Montage plasmid miniprep96 kit (Millipore) and sequenced using M13F primer.
SAGE data analysis. SAGE library of normal liver was downloaded from SAGEmap (17), a public SAGE data resource run by National Center for Biotechnology Information (NCBI) (ftp://ftp.ncbi.nih.gov/pub/sage/obsolete/seq/SAGE_ normal_liver.zip) for comparison with HCC SAGE library constructed in this study. SAGE libraries of normal tissues other than liver were also downloaded from the SAGEmap for comparison. SAGE Genie, another public repository of SAGE data maintained by NCBI (18) , was also used to study the expression profiles of particular genes in normal human tissues (http://cgap.nci.nih.gov/SAGE/AnatomicViewer). SAGE tags were extracted from the SAGE library sequence files containing SAGE ditag concatemers by using eSAGE software (ver 1.2) (19) . The reference database for tag-to-gene matching was downloaded from SAGEmap (ftp://ftp.ncbi. nih.gov/pub/sage/mappings/SAGEmap_Hs_NlaIII_10_best. gz, updated on September 2, 2008). The result of tag-to-gene mapping was validated by using the SAGE Genie web-base tool (http://cgap.nci.nih.gov/SAGE/AnatomicViewer). If there were more than one gene that matched a unique tag, a gene with tag matching closest to the 3' end was selected (20) . Tags that were not found more than once in any SAGE library and did not map to the UniGene database were filtered out as sequencing errors.
For each tag, the statistical significance of difference in tag frequency between two SAGE libraries was analyzed by the method developed by Audic and Claverie (21) . A web based significance test by Poisson statistics (http://genome. dfci.harvard.edu/sager) was also used to validate the results. Table II . Clinical features of HCC patients enrolled for real-time RT-PCR assay. 
a Same patients enrolled in Table I .
For genes which are expressed at least 15 times higher in the HCC SAGE library compared to the normal liver SAGE library, gene ontology (cellular process and localization) data was obtained from Gene Ontology Annotation Database (http://www.ebi.ac.uk/GOA/).
Real-time quantitative RT-PCR.
To validate the results obtained from the SAGE method, the mRNA levels of selected genes which were differentially expressed between normal liver and HCC SAGE libraries were quantified by real-time RT-PCR. Six paired samples (HCC and adjacent nonneoplastic liver tissue) obtained from patients (Table II) were used for the isolation of total RNA by using TRIzol. The RNA was converted into cDNA using the Thermoscript RT system with random hexamers (Invitrogen). Primer pairs for each gene were designed by using Primer Express software (version 2.0, Applied Biosystems, Foster City, CA, USA) (Table III) . Real-time PCR was performed using the Applied Biosystems Prism 7500 Sequence Detection System. The 12 μl PCR mixture included 6 μl SYBR-Green PCR master mix (Applied Biosystems), primer pair (900 nM) and 100 ng template. Semilog amplification curves were evaluated by the comparative quantification method and the gene expression levels were normalized to human 18s ribosomal RNA (22) .
Expression of HCC-related genes in normal organs.
For genes which are expressed at least fifteen times higher in the HCC SAGE library compared to the normal liver SAGE library, the expression in extrahepatic normal organs (brain, thyroid, lung, heart, breast, stomach, colon, pancreas, peritoneum, kidney, prostate, placenta, muscle, skin, bone marrow, lymph node, WBC, breast endothelial cells and liver sinusoidal endothelial cells) were assessed by SAGE Anatomic Viewer (http://cgap. nci.nih.gov/SAGE/AnatomicViewer). The tag frequencies in each SAGE library of normal organs were normalized (tag frequencies per 200,000 total tag counts) for comparison and the level of significance was analyzed as described above.
Results
Comparison of SAGE tag profiles between HCC and normal liver. Our HCC SAGE library consisted of 1,395 cloned sequences, from which 18,107 tags were extracted. As for the normal liver SAGE library, 66,588 tags were extracted from 2,122 sequences deposited at the SAGEmap. Overall, 19,968 different tags were identified from both libraries: 7,405 and 15,578 different tags from the HCC and normal liver SAGE library, respectively. Among these tags, >90% occurred five times or less in each library. Tags that appeared only once comprised 77.1 and 66.5% of the HCC and normal liver SAGE library, respectively (Fig. 1A) .
Plotting of the frequencies of each tag showed correlation between the HCC and normal liver SAGE libraries (R 2 = 0.636, Table III . Primers for real-time RT-PCR. GSTA1  BC110891  GCTGAAGGCCCTGAAAACC  GGCTGCCAGGCTGTAGAAAC  FUCA2  BC003060  GCCCGCGTGGTTTGAC  GCTGGGCACGGAAAACACT  GPC3  BC035972  CCTTGCAGAACTGGCCTATGA  GGAGTTGCCTGCTGACTGTTT  LCN2  NM_005564  GCCTCCCTGAAAACCACATC  TGCACTCAGCCGTCGATACA  LGALS4  BC003661  GCCTGCCCACCATGGAA  TTGCAGCCTCCCGAAATATG  18SrRNA X03205 Genes up-regulated in the HCC SAGE library compared to normal liver. Among the 240 tags which were significantly up-regulated in HCC, 56 were expressed 15 times or higher in HCC than in normal liver (Table IV) . Twenty tags were matched to 19 unique UniGene clusters: 17 genes (tag for IGHV3-23 matched twice) and two hypothetical proteins (LOC115110 and LOC100129060). When these matched genes were classified according to their ontology annotations (biological process), genes associated with metabolic process was the most frequent [Aldo-keto reductase family 1, member B10 (AKR1B10), glutathione S-transferase A1 (GSTA1), fucosidase, ·-L-2 (FUCA2), fatty acid desaturase 2 (FADS2), lysozyme (LYZ), ST3 ß-galactoside ·-2,3-sialyltransferase 3 (ST3GAL3)], followed by genes affecting cell proliferation . Thirty transcripts were matched to known ESTs (cDNA clones and transcribed locus) without unequivocal match to any known gene. These ESTs were from various human tissues, either benign or malignant. Three ESTs are worthy of note, because they were originally cloned from HCC (13) (AV684577, AV687841, AV687243). The remaining six tags had no match to existing SAGE tags or UniGene clusters (labeled as no match in Table IV) .
Quantitative validation of HCC-specific gene expression from SAGE data (Fig. 2) . The expression of five genes (GSTA1, Figure 2 . Validation of differentially expressed genes between HCC and chronic liver disease by real-time quantitative RT-PCR. mRNA levels of five genes and one EST were compared between HCC (T) and adjacent non-neoplastic liver tissue (NT) from six patients. Filled (-•-) and empty (- ‡-) circles denote samples that were also used for HCC SAGE library construction. Filled (-▲-) and empty (-Δ-) triangles denote patients with chronic hepatitis B as non-neoplastic control; the other four patients showed liver cirrhosis in the background. Table IV . Genes expressed 15 times or higher in HCC SAGE library compared with normal liver.
- no. (Table II) . The mRNA levels of FUCA2, LGALS4, LCN2, GPC3 were significantly higher in HCC compared to adjacent non-neoplastic liver tissues. The expression of GSTA1 was, however, variable in HCC: expression was up-regulated in four, down-regulated in two, and overall expression levels were not different between HCC and adjacent liver. (Fig. 3) . Seventeen HCC-related genes identified by comparing the SAGE libraries of HCC and normal liver were further studied by comparing SAGE libraries between HCC and extrahepatic normal organs to elucidate the expression patterns of these genes in the human body. Four genes were expressed significantly higher in HCC library than in any other libraries of normal extrahepatic tissues (P<0.05): fatty acid desaturase 2 (FADS2), fucosidase, ·-L-2 (FUCA2), testis-specific protein Y-encoded-like 2 (TSPYL2) and Gon-4-like (GON4L). The other 13 genes were significantly expressed in one or more libraries of normal organs.
------------------------------------------------------------------------------------------------------------------------------------------------
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Expression of HCC-related genes in SAGE libraries of extrahepatic normal tissues
Discussion
As SAGE technique produces genome-wide transcript data in a digital format, simple statistical analysis can detect a set of differently expressed genes from any independent libraries. In search of potential diagnostic markers of HBV-associated small HCC, we compared our HCC SAGE library not only with normal liver but also with SAGE libraries of other normal organs to confirm the specificity of the identified genes in the whole human body. To our knowledge, this is the first study on the comparison of HCC transcriptome across the major organs. Two previous studies on the transcriptome analysis of HCV-related HCC by SAGE method (23, 24) did not compare their HCC SAGE library with other normal tissues. The distribution of tag frequencies (Fig. 1A) and the correlation coefficient between our HCC SAGE library and normal liver SAGE library (R 2 = 0.636, Fig. 1B) were quite similar to the previous study (24) . However, our list of upregulated genes in HCC (>5-fold, data not shown) shares only a couple of genes with the previous studies on HCC SAGE [LGALS4 (23) , vitronectin (23), MHC class IC (24), GPC3 (24), diubiquitin (24) ]. Although SAGE is believed to be a highly reproducible method (25), we expect interindividual variability which is not an inherent problem of SAGE (25) (26) (27) (28) . In addition, further variabilty can be introduced to the HCC transcriptome with respect to viral etiology (29) , tumor differentiation, size of tumor (30) and contamination of non-tumor cells. Although both of the previous HCC SAGE data were built from Japanese patients infected with hepatitis C virus, the catalogs of top six up-regulated transcripts shared no common genes between the two studies (23, 24) . In order to overcome the biological and/or technical variability and to obtain adequate statistical power, sample size needs to Table IV . Continued.
- 
be increased (31, 32) . HCC SAGE library from single patient may not be as representative as microarray data obtained from hundreds of HCC samples. However, construction of multiple SAGE libraries is, although less demanding in workload than cDNA library sequencing, much more difficult compared to microarray study. Another realistic option is pooling of samples before generating a SAGE library.
For microarray experiments in which only one or two datasets are available, pooling is recommended because it can reduce the effect of individual variability via biological averaging (33) . Pooling is also desirable when the study is interested in identifying biomarkers rather than in making an individual inference about prognosis and diagnosis. It has not been studied how pooling affects SAGE libraries, but it seems reasonable to assume that pooling can reduce the effect of individual variation and can help making generalization of the SAGE results. Our HCC SAGE library was constructed from pooled samples of five small HCC patients and may have the advantage of averaging effect. The total tag number of our HCC SAGE library was smaller than that of normal liver. However, it was reported that the relative tag frequencies were not influenced by total tag size when the total tag counts were >10,000 and individual tag frequencies were >20 (34) . Libraries of our size can represent highly expressed genes because biological variability seems to be greater than binomial sampling variability (28) . Aurora kinase A, a reference gene of HCC library (35) , was detected in our HCC SAGE library but not in the normal liver SAGE library (data not shown), indicating that our HCC SAGE library contains enough tags for comparison with normal liver.
Identification of novel transcripts is another potential advantage of the SAGE technique. Among the top 56 SAGE tags from Table IV, 18 and 30 tags were matched to characterized genes and ESTs, respectively, whereas six tags were not matched to the most current SAGE Genie database. Percentage of mismatched SAGE tags was reported to be 7 to 20% (36, 37) . Sequencing errors might contribute to the unmatched tags in our study, but this is not very likely because of relatively high tag frequencies in our library. Alternatively, they may represent truly novel transcripts (38) . The significance of the 30 ESTs is also to be defined in a further study. The fact that three of these ESTs were originally identified in cDNA libraries generated from HCC tissues (13) suggests that our ESTs may be truly associated with HBV-related small HCC.
As we compared the HCC SAGE data to the SAGE library of normal liver, it can be argued that up-regulated genes from our results may not necessarily be overexpressed in HCC compared to cirrhotic background which is present in the majority of HCC patients. Our real-time quantitative RT-PCR, however, used liver cirrhosis tissues as controls and confirmed that five of the six genes identified from our SAGE library analysis (except for GSTA1) were still overexpressed in small HBV-related HCC tissues compared to background cirrhotic tissues from same patients. GSTA is a member of detoxification enzymes in normal hepatocytes, and yet the expression of GSTA1 in liver cirrhosis and HCC has not been studied extensively. One study of GSTA expression also reported similar levels between HBV-associated HCC and non-neoplastic liver tissues (39) . The Lack of GSTA1 expression in the normal liver SAGE library may be explained by genetic polymorphism (40) and larger sample number would be needed to determine if there is real difference in GSTA expression between HCC and liver cirrhosis. Among the 17 genes that were expressed 15 times more in HCC compared to normal liver, 13 genes (GSTA1, LCN2,  LGALS4, AKR1B10, GPC3, ST3GAL3, LYZ, RHOG,  TMSB10, CD74, IGHV3-23, IGLV3-2 and IGKV@) were significantly expressed in one or more extrahepatic normal organs. Although these genes may contribute to carcinogenesis and/or growth of HCC, application of these genes in the early diagnosis of HCC may be limited by non-specific extrahepatic expression.
It is an elusive and yet quite interesting finding that immunoglobulin genes were top ranking among the 15 highly expressed genes in HCC. A couple of microarray-based studies reported overexpression of immunoglobulin genes in HCC (12, 13) . Up-regulation of IGHV3-23 tag was also observed in SAGE libraries of other cancers such as lung, pancreas and ovary (data not shown). mRNA from tumorinfiltrating lymphocytes may have contaminated the HCC SAGE library, but this hypothesis needs further validation.
Four genes (FADS2, FUCA2, TSPYL2 and GON4L) were expressed significantly higher in HCC SAGE library than in any other SAGE libraries of normal human body. FADS exists as a membrane-bound form in human (41) . FADS2 (Δ-6 desaturase) introduces double bonds to linoleic acid to generate arachidonic acid, an important molecule in cell signaling. The role of FADS2 in HCC has not been studied yet, but there is a possibility that FADS2-mediated arachidonic acid may be involved in early carcinogenesis (42) . Serum activity of ·-L-fucosidase was previously reported as a potential marker of HCC (43, 44) . New kinetic assay of ·-Lfucosidase showed promising results with sensitivity and specificity better than AFP (45) . Further studies are needed to elucidate the role of ·-L-fucosidase in the screening of small HCC. TSPYL2 is homologous to testis-specific protein Yencoded (TSPY), a cancer/testis antigen which was recently reported to be expressed in 35% of HCC tissues (46) . Also known as cutaneous T-cell lymphoma (CTCL)-associated tumor antigen se20-4 (47) and differentially expressed nucleolar TGF-ß1 target protein (48), TSPYL2 is elevated in the cell lines of CTCL (47) , melanoma (47) , leukemia (47) and non-small cell lung cancer (48) . Although localized to the nucleus, TSPYL2 was detected in the serum of CTCL patients (47) . It would be worth exploring the usefulness of TSPYL2 for a serum marker of HCC. GON4L is a putative evolutionarily conserved transcription factor (49) , but the functional significance of GON4L in cancer is not known.
GPC3 is an emerging marker of HCC: early studies showed that >70% of HCC express mRNA of GPC3 (50,51) and 40-53% of HCC patients were positive for serum GPC3 (51) (52) (53) . Test for serum GPC3 may improve the sensitivity of HCC screening because serum GPC3 did not correlate with serum AFP (52) . Our SAGE and real-time PCR results also confirmed that GPC3 is up-regulated in small HCC, while there was no significant difference of AFP expression between SAGE libraries of HCC and normal liver (data not shown). Although the expression of GPC3 is relatively liver-specific, it is expressed in placenta (54) and our data also verified this finding (Fig. 3) . GPC3 is still very promising, however, as a histochemical marker for HCC that can be used to distinguish HCC from benign hepatocellular mass lesions (55, 56) .
In summary, our SAGE library has identified differentially expressed genes in HBV-associated small HCC. The significance of these genes in the carcinogenesis and diagnosis of HBV-related small HCC is to be elucidated in further studies.
